Emodin is a natural product extracted from Rheum palmatum. There are few recent studies on emodin in the treatment of myocarditis. This study aimed to investigate the effect of emodin on lipopolysaccharide (LPS)induced inflammatory injury in cardiomyocytes. H9c2 cells were treated with 10 μM of LPS and different concentrations (0, 1, 5, 10, 15, and 20 μM) of emodin. The expression of miR-223 was changed by transient transfection. Thereafter, cell viability, apoptosis, the expression of CyclinD1 and Jnk-associated proteins, and the release of pro-inflammatory factors were assessed by cell Counting Kit-8, flow cytometry analysis, quantitative real-time polymerase chain reaction Western blot, and enzyme-linked immunosorbent assay respectively. The results showed that 20 μM of emodin significantly decreased H9c2 cells viability. LPS significantly damaged H9c2 cells, as cell viability was reduced, CyclinD1 was down-regulated, apoptosis was induced, the release of interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-alpha were increased, and the phosphorylation of Jnk and c-Jun were promoted. Emodin protected H9c2 cells against LPS-induced inflammatory injury. miR-223 expression was significantly up-regulated by LPS exposure, while emodin lessened this up-regulation. LPS-injured H9c2 cells were attenuated by the overexpression of miR-223; emodin has protective actions on LPS-injured H9c2 cells and targets. Besides, SP600125 (an inhibitor of Jnk) eliminated miR-223-modulated inflammatory injury in H9c2 cells. These data demonstrated that emodin could attenuate LPS-induced inflammatory injury and deactivate Jnk signaling pathway through down-regulation of miR-223. (Int Heart J 2019; 60: 436-443) 
M yocarditis refers to the focal or diffused inflammatory lesion of the myocardium, which is mainly caused by various risk factors, such as viral infection, bacterial infection, toxins, autoimmune diseases, and chemical factors. 1, 2) It is characterized by dyspnea, chest pain, decreased athletic ability, and arrhythmia. 3) Myocarditis caused by viral infection or postvirus immune-mediated response is the most common cause of sudden cardiac death. 4) The signs and symptoms associated with myocarditis are varied, no obvious clinical manifestations are presented in the patients with early stages of the illness, but later stages of the illness can be complicated by severe arrhythmia, cardiac dysfunction, and even sudden death. 5, 6) Cardiac magnetic resonance imaging has been used for diagnosing myocarditis; however, biopsy is still the gold standard for the diagnosis of this disease. 7) Recently, immunosuppression and immunomodulation have been shown to be useful in the treatment of myocarditis. 4, 8) However, great effort should still be made in the development of novel and effective treating strategies for myocarditis.
Studies have shown that Chinese medicinal herbs, such as radix and rhubarb, have benefits in myocarditis. 9, 10) Emodin (1, 3, 8-trihydroxy-6-methylanthraquinone) is an anthraquinone derivative and is the main effective monomer extracted from an herbal plant, Rheum palmatum. 11) Earlier studies have documented the genotoxicity of emodin in bacterial systems, suggesting that emodin can inhibit apoptosis and be used as a cancer inhibitor. 12) Besides, emodin has been recognized as an antiinflammatory, anti-fibrosis, and anti-atherosclerosis agent. [13] [14] [15] Further, Chen, et al. reported that emodin attenuated tumor necrosis factor-alpha (TNF-α)-induced apoptosis and autophagy in mice C2C12 cells. 16) The research of Jiang et al. displayed that emodin downregulated the expression of interleukin-17 (IL-17) and exerted myocardioprotective effects on the mice with viral myocarditis. 17) However, there are few studies about the regulatory effect of emodin on lipopolysaccharide (LPS)induced inflammatory injury in cardiomyocytes. microRNAs (miRNAs) are short, non-coding RNAs, which have been identified as key regulators of gene expression at the post-transcriptional level. One specific miRNA, miR-223, has recently garnered attention in in-ROLES OF EMODIN IN H9c2 CELLS INJURY flammatory signaling. Loss of miR-223 and -223* causes an aggravation of sepsis-induced inflammation, myocardial dysfunction, and mortality. 18) Further, miR-223 can target multiple inflammatory factors (C/EBPβ, E2F1, FOXO1, and NFI-A), and thereby prevent collateral damage during infection and prevent oncogenic myeloid transformation. 19) This study aimed to investigate the regulatory mechanism of emodin on LPS-induced inflammatory injury in myocarditis. H9c2 cells were used and treated with 10 μM LPS and different concentrations (0, 1, 5, 10, 15, and 20 μM) of emodin. The regulatory relationship between emodin and miR-223 in H9c2 cells were detected. Meanwhile, the potential mechanisms of emodin were explored by detecting the activity of related signaling pathways.
Methods
Cell culture and treatment: H9c2 cells were purchased from American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's Modified Eagle's Medium (Solarbio, Beijing, China) containing 10% (v/v) fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin (all from Sigma-Aldrich, St. Louis, USA) at 37 in 95% air and 5% CO2.
The cells were treated with 10 μM lipopolysaccharide (LPS; Sigma-Aldrich) for 6 hours to mimic inflammatory injury.
Emodin was obtained from Sigma-Aldrich (No. E 7881) and various concentrations (0, 1, 5, 10, 15, and 20 μM) were used to treat H9c2 cells for 24 hours. Emodin was diluted with 100 mM of dimethyl sulphoxide (Solarbio, Beijing, China) and further diluted with the culture medium so that the final concentration of the vehicle was less than 0.1%.
For inhibiting the Jnk pathway, H9c2 cells were treated with 10 μM SP600125 (Selleck Chemicals, Houston, TX) for 1 hour. miRNA transfection: miR-223 mimic (sense, 5'-UGU CAG UUU GUC AAA UAC CCC-3', antisense, 5'-GGU AUU UGA CAA ACU GAC AUU-3') and the negative control (NC) (5'-UCA CAA CCU CCU AGA AAG AGU AGA-3') were synthesized by GenePharma Co. (Shanghai, China). Transfections were conducted by using Lipofectamine 3000 reagent (Invitrogen) following the manufacturer's protocol for 48 hours. Cell viability assay: Cells were seeded in 96-well plates with a density of 5 × 10 3 cells/well and were cultured for 48 hours at 37 . Cell Counting Kit-8 (CCK-8; Solarbio) was used to assess cell viability. Briefly, the cells were treated with LPS for 6 hours and emodin for 24 hours, after which 10 μL of CCK-8 solution was added into each well. The cultures were incubated at 37 for 2 hours in the humidified incubator with 5% CO2. The absorbance of each well was measured at 450 nm by using a Microplate Reader (Bio-Rad, Hercules, CA, USA). Apoptosis assay: Annexin V-fluorescein isothiocynate (FITC)/propidium iodide (PI) Apoptosis Detection Kit (Sigma-Aldrich) was used for assessing apoptosis. In brief, H9c2 cells in 6-well plates were treated with LPS for 6 hours and emodin for 24 hours, after which cells were digested with 0.25% trypsin (Sigma-Aldrich), and washed in 4 phosphate buffered saline. The cells were resuspended in 300 μL binding buffer containing 5 μL Annexin V-FITC in the presence of 50 μg/mL RNase A (Sigma-Aldrich), and then incubated for 15 minutes in the dark at room temperature. Further, 5 μL PI was added into each sample and were incubated for 5 minutes in the dark. Flow cytometry analysis was done by using the FACScan (Beckman Coulter, Fullerton, CA, USA). Finally, the rate of apoptotic cells (Annexin V-positive and PI-negative) was calculated by the FlowJo 10.4 software (TreeStar, Ashland, USA). Quantitative real-time polymerase chain reaction (qRT-PCR): Cells were seeded in 96-well plates with 5 × 10 3 cells/well and cultured for 48 hours at 37 in 5% CO2. According to the manufacturer's instructions, the total RNA was extracted from cells by using Trizol Reagent (Thermo Fisher Scientific, Waltham, USA). Then, 5 μg of total RNA was reverse transcribed to cDNA by using the Taqman MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). In order to detect the expression level of miR-223, qRT-PCR analysis was performed by using the Taqman Universal Master Mix II (Applied Biosystems). U6 was used for normalizing miR-223 levels. For detection of the mRNA levels of IL-1β, IL-6 and TNF-α, the Transcriptor First Strand cDNA Synthesis Kit and FastStart Universal SYBR Green Master (both from Roche, Basel, Switzerland) were used according to the manufacturer's instructions. Fold changes were calculated by using relative quantification (2 − ΔΔCt ) method. 20) The primary sequences used in this study were listed as follows. IL-1β, Forward: 5'-GGC TGC AGT TCA GTG ATC GTA CAG G-3', Reverse: 5'-AGA TCT AGA GTA CCT GAG CTC GCC AGT GAA-3'; IL-6, Forward: 5'-GCC CTT CAG GAA CAG CTA TGA-3', Reverse: 5'-TGT CAA CAA CAA CAT CAG TCC CAA GA-3'; TNF-α, Forward: 5'-AGT CTT CCA GCT GGA GAA GG-3', Reverse: 5'-GCC ACT ACT TCA GCA TCT CG-3'; GAPDH, Forward: 5'-TGC CAC TCA GAA GAC TGT GG-3', Reverse: 5'-GTC CTC AGT GTA GCC CAG GA-3'; miR-223, Forward: 5'-ACA CTC CAG CTG GGT GTC AGT TTG TCA AA-3', Reverse: 5'-CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG GGG GTA TT-3'; U6, Forward: 5'-CTC GCT TCG GCA GCA CA-3', Reverse: 5'-AAC GCT TCA CGA ATT TGC GT-3'. Western blot assay: Cells were seeded in 96-well plates with 5 × 10 3 cells/well and cultured for 48 hours at 37 in 5% CO2. For Western blot analysis, the proteins were extracted by using RIPA Lysis Buffer (Thermo Fisher Scientific) supplemented with protease inhibitors (Roche, Basel, Switzerland), and quantified by using the BCA Protein Assay Kit (Pierce, Appleton, WI, USA). Then, the proteins (50 μg/sample) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to the Polyvinylidene Difluoride membrane. Primary antibodies were prepared in 5% blocking buffer at a dilution of 1:1,000. The membranes were incubated with the primary antibodies at 4 overnight, and were washed with Tris Buffered Saline with Tween-20. The primary antibodies used were as follows: CyclinD1 (No. YANG, ET AL . Further, the membranes were cultivated with goat anti-rabbit IgG antibody (No. 7054, Cell Signaling Technology) at a dilution of 1:2,000 for 1 hour at room temperature. After rinsing, the membrane carried blots were transferred into the Bio-Rad Chemi-Doc XRS system, and then 200 μL Immobilon Western Chemiluminescent HRP Substrate (Millipore, MA, USA) was added to cover the membrane surface. The captured signals and the bands intensities were quantified by using Image Lab Software (Bio-Rad). Enzyme-linked immunosorbent assay (ELISA): Cells were seeded in 96-well plates with 5 × 10 3 cells/well and cultured for 48 hours at 37 in 5% CO2. Culture supernatant was collected from plates and concentrations of pro-inflammatory factors, including IL-1β, IL-6 and TNFα, were measured by ELISA using protocols supplied by the manufacturer (R&D Systems, Abingdon, UK), and were normalized to cell protein concentrations. Statistical analysis: All experiments were repeated 3 times. The results were presented as the mean ± standard deviation. Statistical analyses were performed by using Graphpad Prism 6.0 software (Graphpad , San Diego, USA). A one-way analysis of variance and Student's t-test were used for calculating the P-values of multiple and 2 groups, respectively. A P-value of less than 0.05 was considered statistically significant.
Results

High concentration of emodin decreased H9c2 cells viability:
The chemical structure of emodin is shown in Figure 1A . Various concentrations (1, 5, 10, 15 , and 20 μM) of emodin were used to treat H9c2 cells, and the cytotoxicity of emodin was evaluated by testing cell viability. CCK-8 results ( Figure 1B) suggested that cell viability was unaffected by 0, 1, 5, 10, and 15 μM of emodin, as compared with the control group (P > 0.05). But 20 μM of emodin significantly decreased the viability of H9c2 cells, as compared with the control group (P < 0.01). Based on these data, we speculated that high concentrations of emodin could inhibit H9c2 cells viability. Therefore, we chose 5, 10, and 15 μM as emodin-treating conditions for use in the subsequent experiments. LPS-induced inflammatory injury in H9c2 cells: LPS was used in this study to stimulate cellular inflammatory injury in H9c2 cells. CCK-8 and flow cytometry analytical results showed that, when compared with the control group, cell viability was significantly decreased, and apoptosis was clearly increased in the LPS-treated group (P < 0.01 and P < 0.001, Figure 2A and B). qRT-PCR and Western blot assay results show that, when compared with the control group, the expression levels of CyclinD1 were significantly decreased in the LPS-treated group (P < 0.01, Figure 2C and D). qRT-PCR data in Figure 2E show that the mRNA levels of IL-1β, IL-6, and TNF-α were significantly up-regulated in LPS-stimulated cells, as compared with the untreated control cells (P < 0.01 or P < 0.001). Besides, results from the ELISA assay indicated that the concentrations of IL-1β, IL-6, and TNF-α in the culture supernatant were significantly increased in the LPS group as compared with the control group (P < 0.001, Figure 2F ).
Emodin alleviated LPS-induced inflammatory injury in
H9c2 cells: Next, H9c2 cells were treated with LPS for 6 hours and emodin for 24 hours. As shown in Figure 3A Figure 3C and D shows that the mRNA and protein levels of Cy-clinD1 were significantly up-regulated in the LPS + (10 and 15 μM) emodin group when compared with the cells treated by LPS alone (P < 0.05). Also, Figure 3E and F shows that the mRNA levels and the concentrations of IL-1β, IL-6, and TNF-α in the culture supernatant were significantly reduced in the LPS + (10 and 15 μM) emodin group than in the LPS group (P < 0.05, P < 0.01 or P < 0.001). These data indicated that emodin protected H9c2 cells against LPS-induced inflammatory injury in a dosedependent manner.
Emodin alleviated LPS-induced inflammatory injury in H9c2 cells via down-regulation of miR-223: qRT-PCR
analysis was used to detect the expression changes of miR-223 in LPS-treated cells. We found that miR-223 expression was remarkably up-regulated by LPS, as compared with the untreated control group (P < 0.001, Figure  4A ). However, the elevated expression of miR-223 in the LPS group was significantly reduced by the addition of 10 μM and 15 μM emodin (P < 0.01 and P < 0.001, Figure  4A ). Hence, we hypothesized that miR-223 might be involved in the LPS-mediated inflammation in H9c2 cells. Considering that miR-223 expression was strongly inhibited by 15 μM of emodin, 15 μM was selected as an emodin-treating condition for use in further studies.
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In order to validate this hypothesis, H9c2 cells were transfected with miR-223 mimic or NC. The transfection efficiency was detected by qRT-PCR. Results in Figure 4B show that miR-223 was significantly overexpressed in the miR-223 mimic group compared with the NC group (P < 0.001).
Of note, transfection of cells with miR-223 mimic significantly abolished the protective actions of emodin in LPS-injured cells. When compared to the LPS + emodin + NC group, cell viability was reduced (P < 0.01, Figure  4C ), apoptosis rate was increased (P < 0.01, Figure 4D and Supplemental Figure 2 ), expression levels of Cy-clinD1 were down-regulated (P < 0.01, Figure 4E and F) , and the release of IL-1β, IL-6, and TNF-α was increased (P < 0.05, P < 0.01 or P < 0.001, Figure 4G and H) in the LPS + emodin + mR-223 mimic group. In addition, when compared with the LPS + emodin + mR-223 mimic group, the release of IL-1β, IL-6, and TNF-α was significantly repressed in the LPS + emodin + mR-223 mimic + SP600125 group (P < 0.05, P < 0.01 or P < 0.001, Figure  4G and H). Emodin deactivated Jnk signaling pathway via downregulation of miR-223: Finally, in order to further verify the regulatory mechanism of emodin in LPS-stimulated YANG, ET AL H9c2 cells, we focused on the Jnk signaling pathway. Western blot assay results ( Figure 5A and B) showed that the expression levels of p-Jnk and p-c-Jun were significantly increased in response to LPS exposure (P < 0.001). Emodin significantly reduced the expression levels of p-Jnk and p-c-Jun in LPS-stimulated H9c2 cells, when compared with the cells treated by LPS alone (P < 0.001). Of contrast, transfection of cells with miR-223 mimic signifi- 
Discussion
Emodin is a natural product and is mostly found in roots and barks of many plants, molds, and lichens. 15) Several studies have reported that emodin can ameliorate myocarditis. 15, 16, 21) In this study, we aimed to investigate the regulatory mechanism of emodin on LPS-induced inflammatory injury in cardiomyocytes. We found that LPS reduced H9c2 cells viability and down-regulated the expression of CyclinD1. Besides, LPS-induced apoptosis and increased the release of IL-1β, IL-6, and TNF-α. Additionally, emodin could protect H9c2 cells against LPSinduced apoptotic and inflammatory injury. Next, miR-223 was recognized as a target of emodin; the myocardioprotective effects of emodin on H9c2 cells were attenuated by miR-223 overexpression. In addition, emodin deactivated Jnk signaling pathway by down-regulating miR-223 expression.
The study of Ohtaki, et al. assessed the effect of LPS on virus myocarditis and suggested that TNF-α mRNA expression was clearly increased by LPS in the brain and heart. 22) Herein, H9c2 cells were subjected to 10 μM of LPS to mimic inflammatory injury of myocarditis. As a result, we found that LPS reduced cell viability, and Cy-clinD1 expression induced apoptosis and increased the release of IL-1β, IL-6, and TNF-α. The results implied that LPS could induce inflammatory injury in H9c2 cells.
Li, et al. studied the regulatory mechanism of emodin on LPS-induced inflammatory response in RAW 264.7 macrophages, and found that 20 μM of emodin can inhibit the expression of inflammatory-related genes. 23) Furthermore, emodin significantly inhibited the production of nitrite and the release of inducible nitric oxide synthase and Cox-2 from LPS-stimulated RAW264.7 cells, indicating the anti-inflammatory effect of emodin. 24) In this study, for eliminating the cytotoxicity of emodin on H9c2 cells, we first tested the changes of cell viability at different concentrations of emodin. We found that 20 μM of emodin decreased cell viability significantly. Hence, we chose 5, 10, and 15 μM of emodin for subsequent experiments. Consistent with previous studies, [23] [24] [25] emodin could attenuate LPS-induced inflammatory injury in H9c2 cells in a dose-dependent manner, as cell viability and Cy-clinD1 expression were increased, apoptosis was suppressed, and the release of IL-1β, IL-6, and TNF-α was reduced with the increasing concentrations of emodin.
miRNAs have emerged as key regulators of the immune system, which protect myocarditis against various stimulations by inhibiting apoptosis or targeting nuclear factor kappa-B. [26] [27] [28] miR-223 was initially described as a modulator of hematopoietic lineage differentiation. 29) Many studies have illustrated that miR-223 can be used as a new potential target for the diagnosis and treatment of inflammatory diseases, such as atopic dermatitis, 30) immune-mediated neuroinflammatory diseases, 31) and acute lung injury. 32) Meanwhile, it plays a role in inhibiting inflammation and preventing indirect injury during infection. [33] [34] [35] Jnk signaling pathway is an important branch of the MAPK signaling pathway, and plays an important role in many physiological and pathological processes, such as cell cycle, reproduction, apoptosis, and cell stress. 36, 37) Schreck, et al. revealed that the activation of the Jnk signaling pathway causes p-c-jun to undergo nuclear translocation and up-regulates COX-2 expression, thereby accelerating the process of inflammation. 38) In our study, we explored the effect of miR-223 and Jnk signaling pathway on H9c2 cells. Similar to the study of Schreck, et al., we found that the expression levels of miR-223 and Jnkrelated proteins (p-Jnk and p-c-Jun) were significantly upregulated by LPS exposure, while emodin eliminated these up-regulations. Further, miR-223 overexpression inhibited the relieving effects of emodin on LPS-induced inflammatory injury, and emodin deactivated the Jnk signaling pathway by down-regulating miR-223.
In conclusion, our study demonstrated that emodin could attenuate LPS-induced inflammatory injury and deactivate the Jnk signaling pathway by down-regulation of miR-223. These findings provide in vitro evidence that emodin has the potential for clinical treatment of myocarditis.
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